Infarct size is often used as the standard by which to assess potential therapeutic regimens in models of focal cerebral ischemia. To this end, an accurate, objective, and reproducible means of determining infarct size is of paramount importance. Cerebral infarcts frequently have complex shapes, some times with indistinct margins, resulting in volumes that are difficult to define and accurately measure. In practice, workers have estimated infarction vol ume by a variety of methods, including dissection and weighing of necrotic tissue (Hoff et aI., 1982) , extrapolation from infarcted cortical surface area (Coyle et aI., 1984) , comparisons of single represen tative coronal sections (Bederson et aI., 1986a) , and planimetry of multiple sections (Lundy et aI., 1986; Duverger and MacKenzie, 1988) .
With the advent of low-cost image analysis sys tems, it has become feasible to estimate infarct vol umes by measuring the infarcted areas of multiple, closely spaced sections per brain. Although capable of excellent reproducibility (Osborne et aI., 1987) , gions. Moreover, the volume of surviving normal gray matter is determined rather than that of the infarct. This approach minimizes the error that is introduced by edema, which distorts and enlarges the infarcted tissue and surrounding white matter. Key Words: Brain Infarction-Nissl stain-Succinate dehydrogenase.
this approach requires an observer to manually out line the infarcted regions on a digitized image of each section. This process is tedious and may be difficult to accomplish in an accurate and objective manner, particularly when the infarcted tissue is distorted by edema. Edges of infarcts that involve white matter may be particularly difficult to define because of vasogenic edema extending well beyond the region of the infarct (Fishman, 1980) . A second more fundamental problem is posed by the enlargement of infarcted tissue by edema. This swelling results in overestimation of infarct size, which may vary in degree from brain to brain and which can introduce major errors in volume deter minations (Brint et aI., 1988) . The edema may be especially problematic when assessing the effects of pharmacologic or other interventions on infarction size, as some interventions may reduce edema and thereby simulate a reduction of infarct size without materially affecting tissue survival.
We report a semiautomated method adaptable to most image analysis systems for determining infarct volumes. The primary departures from previously described methods are that (a) the volume of normal gray matter is measured (rather than direct mea surement of infarct volume), thereby avoiding the distortion caused by edema in infarcted tissue and surrounding white matter; and (b) the identification and measurement of infarcted tissue areas are au tomated. This is achieved by using an image analy sis system to recognize and measure the areas of stained sections having optical densities greater than a threshold value. The method minimizes ob server bias and is highly reproducible, unaffected by edema, and substantially faster than previously described approaches.
METHODS
Unilateral cerebral infarctions were produced in male Sprague-Dawley rats weighing 200-300 g either by liga ture occlusion of the right middle cerebral origin (Longa et aI., 1989) or by coagulation of the right middle cerebral artery stem (Shiraishi and Simon, 1989) . Anesthesia was provided by chloral hydrate 400 mg/kg i.p. After periods ranging from 1 h to 7 days, the animals were reanesthe tized with ketamine and xylazine and decapitated. Brains were immediately removed and frozen in 2-methylbutane at -30°C and stored at -70°C until sectioning. Sequen tial 20-J.Lm cryostat sections were taken beginning at the anterior aspect of the corpus callosum and ending at the posterior commissure. (These landmarks encompassed the entire span of the infarcted tissue with the exception of a small portion extending into the frontal poles.) The sections were stored at -70°C until stained for succinate dehydrogenase, cytochrome oxidase, Nissl (cresyl echt violet), or with hematoxylin and eosin. The sections were assigned to stains in an alternating manner, such that ev ery fourth section was stained for Nissl, etc.
Correlation of macroscopic tissue-staining intensity and tissue infarction (pan-necrosis) has been established by a number of investigators for several stains (Arsenio Nunes et aI., 1973; Mrsulja et aI., 1979; Bose et al., 1984; Liszak et aI., 1984; Bederson et aI., 1986b) . The use of a vital stain such as for succinate dehydrogenase has par ticular appeal, as the absence of succinate dehydrogenase activity denotes absent mitochondrial function. How ever, the requirement for the present method, as for any method for macroscopic delineation of infarction, is sim ply that the staining intensity of the necrotic tissue not overlap with that of normal tissue. A sample of Nissl stained sections from each brain was examined by stan dard microscopy to confirm infarction (pan-necrosis) in the lightly stained regions and absence of infarction in normally stained regions. Infarcted areas were denoted by uniform dissolution of cell perikarya.
Infarct volumes were determined for cerebral cortex and basal ganglia of each brain as follows (Fig. 1 ). An image analysis system (MCID system; Dr. Peter Ramm, St. Catherine's, Ontario, Canada) was used to create a digitized pseudocolor image of each section, with pixel colors corresponding to the optical densities of the sec tion. The lowest optical densities of gray matter in the unlesioned cortex and basal ganglia were determined for each section by visual inspection and densitometry (Fig.  1b ). These optical densities were then used as the thresh old values for recognition of normal gray matter by the image analysis system, as all noninfarcted gray matter areas have optical densities equal to or greater than these threshold values. (The thresholds were established for each section to control for any variability of staining intensity or section thickness. In practice, however, there was almost no variation in the threshold values among the sections from a given brain.)
The areas of noninfarcted gray matter (i.e., the areas with optical density greater than the threshold values) were measured by the image analysis system in each of four regions of each section: left cerebral cortex, left basal ganglia, right cerebral cortex, and right basal gan glia ( Fig. 1c and d) . The areas were each summed over the number of sections evaluated (28-32 per brain) and the respective volumes were calculated by multiplying each sum by the distance between sections. The infarction vol umes of the lesioned structures were expressed as a per centage of the volume of the structures in the control hemispheres. Thus, for each structure, (VC -VL ) %1 = 100 x Vc %1 = percent of gray matter in the structure (lying between the first and last section taken) that is infarcted V c = vol of (normal) gray matter in the structure of the control hemisphere V L = vol of normal gray matter in the structure of the lesioned hemisphere
Ac = area of (normal) gray matter in the structure of the control hemisphere on section i AL = area of normal gray matter in the structure of the lesioned hemisphere on section i
This procedure is illustrated in Fig. 1 .
RESULTS AND DISCUSSION
Optimal contrast between infarcted and normal tissue was obtained in animals allowed to survive for 3-7 days after the ischemic insult. Among the stains evaluated, the succinate dehydrogenase and Nissl stains provided better contrast than did the cytochrome oxidase or hematoxylin and eosin stains. Evaluation of the method was therefore per formed with succinate dehydrogenase-stained sec tions from seven animals killed 3 days after the isch emic insult, using brains with infarcts of varying sizes.
The intraobserver reproducibility of this method was evaluated by comparing determinations made by one observer on 3 different days. The SDs of these three measurements ranged from 1.4 to 2.3% of the means in the basal ganglia and from 1.0 to 5.0% of the means in cerebral cortex. The variabil ity of measurements obtained by different observ ers was tested in the same manner, using sections from the same brains as above. The SDs of these measurements were 0.7-2.1% of the means in the basal ganglia and 1.6--6 .4% of the means in cerebral cortex. To our knowledge, there is only a single previous report addressing the reproducibility of R. A. SWANSON ET AL.
FIG. 1. a:
Succinate dehydrogenase-stained section from rat killed 3 days after proximal left middle cerebral artery occlusion (x7 magnification). Normal gray matter stains darkly, while white matter and infarcted tissue stain lightly. Note expansion of left cortical infarct by edema. b: Digitized pseudocolor image of the section shown in (a). The infarction border is fairly distinct in cortex, but would be difficult to demarcate in the basal ganglia and overlying white matter. The black box overlying the right cerebral cortex denotes the region of normal cortical gray matter with the lowest optical density. This optical density will be used as the threshold value for cortex. Cursor lines have been drawn around the structures of interest. These lines need not precisely follow the anatomical boundaries when drawn through white matter tracts or outside the sections because regions with optical density below the threshold are excluded from area determinations. This accelerates the procedure considerably and reduces the chance for error. c: The image analyzer is directed to count the number of pixels (calibrated to area) within the boundary lines drawn around the right cortex with optical density equal to or greater than the threshold value, and the composite area is determined. (Recognized pixels are changed to black on this system.) d: Area measurements are repeated for the remaining structures. Note that the cortical U-fibers and white matter fascicles passing through the basal ganglia are not counted. these measurements (Osborne et aI., 1987) . The re producibility obtained here is about the same as re ported by Osborne et aI. and should be adequate for most applications.
Although the sections used for this study were spaced at 200-l-Lm intervals (-30 sections per brain), we found that measurements from a much smaller number of sections gave nearly identical values. In creasing the distance between analyzed sections has little effect on the values obtained for infarct volumes until d > 740 I-Lm, corresponding to eight or nine sections per brain. This figure may vary de pending upon the stroke model and brain size, but other workers using a similar rat focal ischemia model have also found eight sections to be adequate for accurate estimation of stroke volume (Osborne et aI., 1987; Duverger and MacKenzie, 1988 The procedure as described here will yield a per centage infarction of the gray matter of a given structure and will not be sensitive to infarction of white matter. The advantage to this approach lies in the fact that gray matter is only minimally affected by vasogenic edema, whereas necrotic tissue and periinfarct white matter become swollen and dis torted (Klatzo et aI., 1958; Fishman, 1980) . The amount of edema present is variable and depends in part on the age of the infarct (Marmarou et al., 1980; Bothe et aI., 1984) . Edema has been estimated to increase the apparent infarct volume by 22% at 24 h (Brint et aI., 1988) , and edema is clearly evident in the section pictured here (Fig. la) . This potential source of error is minimized by measuring the vol umes of the surviving, noninfarcted gray matter rather than the volumes of the infarcted tissue.
Another aspect of the procedure described here is that the decisions regarding normal versus infarcted tissue are automated. As can be seen in the lesioned basal ganglia shown in the figure, a line demarcating the edge of the infarcted tissue would be exceed ingly complex, and a line drawn across white matter almost arbitrary. In fact, the imposition of a "line" across the tissue is somewhat artificial, as the edges of infarction consist microscopically of patches of necrotic tissue interspersed with tissue with vari able degrees of damage (Ebhardt et aI., 1983) . In farct edges may also be obscured by edematous vi able tissue or by volume averaging of necrotic and normal tissue through the depth of the section. A strength of the automated method is that it elimi nates the need for the observer to make any judg ments regarding these border zones.
The method described here minimizes observer input, is highly reproducible, and is substantially faster than previously described approaches. The method is unique in that (a) it minimizes the effects of cytotoxic and vasogenic edema on infarct volume measurements and (b) it automates the recognition of infarcted tissue. Requirements and guidelines for this method are as follows:
1. Unilateral infarction. 2. Brain sections are taken at regular intervals through a predetermined portion of brain, spanning the extent of the infarction. The use of succinate dehydrogenase or other vital stain necessitates the use of frozen sections rather than fixed tissue. A further reason to use fro zen sections is that tissue volume relationships may become distorted in fixed tissue (Stowell, 1941; Brint et aI. , 1988) . 3. Animal survival time and tissue stain are cho sen such that there is a clear distinction be tween normal gray matter, on the one hand, and white matter and infarcted tissue, on the other. In our experience the cresyl echt violet (Nissl) and succinate dehydrogenase stains serve equally well, producing a clear distinc tion between infarcted and normal tissue within 72 h of the ischemic insult. 4. The image analysis system is capable of rec ognizing and measuring areas with optical den sity above (or below) a given threshold.
